Abstract-We present a number of compact wavelength-selective elements implemented in silicon-on-insulator (SOI) photonic wires. These include arrayed waveguide gratings (AWGs), MachZehnder lattice filters (MZLFs), and ring resonators. The circuits were fabricated with deep UV lithography. We also address the sensitivity of photonic wires to phase noise by selectively broadening the waveguides, and demonstrate this in a compact AWG with −20 dB crosstalk and an insertion loss of 2.2 dB for the center channels.
I. INTRODUCTION
N ANOPHOTONIC circuits are the most promising route toward large-scale photonic integration, combining many optical functions onto a single chip. This should lead, as in electronics, to a dramatic increase in functionality and a serious reduction in cost through efficient wafer-scale processes. However, today's commercially available devices integrate only a few functions onto a chip, because individual elements have a length scale from several hundred micrometers up to centimeters. These dimensions are mostly dictated by the low contrast in refractive index n of the material, resulting in poorly confined waveguide modes that need a large bend radius. A higher index contrast improves the confinement, but then the waveguide core should be reduced in size to have a single-mode waveguide. For very high index contrast, as in semiconductor-to-air (∆n > 2) this results in so-called photonic wires with submicron core dimensions, which have to be fabricated with an accuracy in the range of 1-10 nm. The silicon-on-insulator (SOI) material system is ideally suited for such nanophotonic waveguides. It consists of a thin layer of silicon (n = 3.45) on top of an oxide buffer layer (n = 1.45), resulting in a high index contrast in both vertical and lateral directions. An undesirable consequence of this high index contrast is the increased sensitivity to perturbations, like scattering at roughness on the core-cladding interface [1] . In interferometric structures, the waveguides will be susceptible to phase fluctuations due to small changes in waveguide geometry. We therefore need high-quality fabrication tools. For this paper, we use deep UV lithography, as used for advanced complementary metal-oxide-semiconductor (CMOS) fabrication [2] .
Current optical fiber links make use of wavelength-division multiplexing (WDM), in which data is multiplexed over many channels, each with its own carrier wavelength. However, at nodes these wavelength channels have to be combined or separated using wavelength-selective elements. These can be filters that select one or a few wavelength channels, which can be implemented as resonators or interferometers. Alternatively, one can use all-out (de)multiplexers that process all channels simultaneously. The often-used device today is the arrayed waveguide gratings (AWG), an optical phased array antenna with a wavelength-dependent phase delay. However, an AWG in today's low-index-contrast materials easily uses many square centimeters of chip area, making it difficult to add more functionality to these circuits. The use of nanophotonic waveguides can dramatically reduce the required real estate.
In this paper, we give an overview of a number of wavelength-selective functions implemented in SOI photonic wires. In Section II, we describe the fabrication process for SOI nanophotonic circuits and our method of characterization. Then, we briefly describe basic photonic wires in Section III. Section IV covers basic properties of wavelength-selective elements. We then discuss the experimental results for AWGs in Section V, Mach-Zehnder lattice filters (MZLFs) in Section VI, and ring resonators in Section VII.
II. FABRICATION AND CHARACTERIZATION

A. Fabrication of SOI Waveguides
For this paper, we use SOI wafers consisting of a 220-nm thin silicon layer (n = 3.45) on top of a 1-µm oxide cladding layer (n = 1.45) carried on a bare silicon wafer. The oxide thickness of 1 µm is sufficient to reduce substrate leakage [3] .
For this paper, we used the advanced CMOS research environment of the Interuniversity Microelectronics Center, Belgium. The structures are patterned with 248-nm deep UV lithography and directly etched into the top silicon layer with an ICP-RIE etch, using the resist as the etch mask. The buried oxide is not etched. This fabrication process is described in detail in [2] and [3] .
B. Characterization
We characterize the devices using transmission measurements. For incoupling and outcoupling, we use grating couplers that couple light directly from a broad ridge waveguide in and out of a standard single-mode fiber, which is positioned above the substrate at a 10
• angle [4] , [5] . Coupling efficiency is 33% (−5 dB) per coupler. This technique does not require cleaved or polished facets, and can also be used with array connectors [6] . The fiber couplers used here couple just one fiber polarization into the waveguide transverse electric (TE) mode.
III. PHOTONIC WIRE WAVEGUIDES
A. Basic Properties
Photonic wires are basically index-guiding optical waveguides with a submicron core and a high index contrast. With a core thickness of 220-nm, single-mode waveguides for 1.55 µm should be narrower than 580 nm. Because it is very difficult to make these waveguides polarization-independent, all our components are designed for a TE polarization only.
Photonic wires also have significantly more dispersion than conventional, low-contrast waveguides [7] , although not as high as that of some photonic crystal waveguides [8] . This results in a high group index between n g = 4 and 4.7, depending on the waveguide width. In interferometric structures, a high group index (and, thus, narrow wires) are desirable, but narrow wires are more susceptible to phase noise, which can significantly degrade the performance of the device.
B. Propagation Losses
We have previously demonstrated propagation losses as low as 0.24 dB/mm in straight photonic wires [2] , [9] . Similar results have been reported by other groups [10] , [11] with e-beam fabricated waveguides.
We have also characterized bend losses using a large spiral waveguides [inset in Fig. 1(b) ]. We designed a statistically significant spread in both waveguide length (between 0.1 and 50 mm) and number of bends (between 0 and 550). In Fig. 1(b) , we plot the transmission for spirals with a 3-µm bend radius as a function of the total length and the number of 90
• bends. The straight propagation loss and the excess loss per 90
• bend is given by the slope of a two-dimensional (2-D) fit. For this radius, the excess bend loss per 90
• bend is only 0.016 dB.
As expected, the excess bend losses increases dramatically for sharper bends. The total loss of a bend is this excess loss plus the straight propagation loss along the length of the bend. The latter contribution increases with the bend radius. This is plotted in Fig. 1(b) . For a 1-µm bend radius, the excess loss of over 0.1 dB/90
• dominates, while for a 5-µm bend radius, the excess loss is of the same order as the propagation loss, resulting in a total loss of only 0.01 dB/90
• bend. Similar number for bend losses have been reported in the literature [12] , although measured on much fewer bends. 
IV. WAVELENGTH-SELECTIVE ELEMENTS
With photonic wires, a dramatic reduction of passive wavelength-selective elements can be obtained. Small resonant cavities can be used as channel drop filters with a large free spectral range (FSR), to be used in systems with many wavelength channels. However, in many applications, one operates in a more limited wavelength range (<30 nm) with standard WDM frequency channel spacings as 100 GHz (0.8 nm) or 200 GHz (1.6 nm). In these cases, sometimes a rather small FSR is needed. As the delay line length needed in interferometric devices is inversely proportional to the FSR, this can result in delay lengths that are much larger than the bend radius, as in [6] . This partially cancels out some advantages of using sharp bends, unless one starts folding the delay lines. Without such folding, an AWG with just a few closely spaced channels (and thus a small FSR) will turn out to be quite large compared to a similar AWG with more channels, even if much more grating arms are required. When the differential delay length is of the same order of magnitude as the bend radius and is three to four times larger than the minimal spacing between the waveguides, a very compact stacking of the delay lines is possible. As an example, a circular eight-channel AWG with 400 GHz (3.2 nm) channel spacing has an FSR of 25.6 nm, and it will inherently be larger than a device with the same number of channels with a two times larger channel spacing.
A notable exception to this is an AWG-based (de)multiplexer, where only the center channels are used to obtain low insertion loss nonuniformity. In such an AWG, the FSR is much larger than the channel spacing times the number of used channels, as only the center channels are actually used. This implies a small path length difference between arms, allowing a close packing. For a given FSR, the size is then largely determined by the number of arms, which is typically two to three times the number of wavelength channels (including the channels that are not used).
Therefore, the actual reduction in size of a device is not just limited by the waveguide itself, but also by the desired FSR, fixing the delay lengths needed in interferometric devices, and the performance targets set.
V. AWGS
AWGs are currently the most popular integrated devices for multiplexing and demultiplexing multiple wavelength channels. Photonic wires with short bend radii and high group index can dramatically reduce these dimensions. In 2004, we have demonstrated an eight-channel AWG in SOI, which has a footprint of only 380 µm × 290 µm ≈ 0.1 mm 2 or about 0.1 mm 2 [13] . This device is shown in Fig. 2(a) . However, this device has a number of limitations. The layout is designed with the same design rules as for low-contrast AWGs, which are not really compatible with the very sharp bends possible in photonic wires. Also, the high refractive index contrast of the wires makes it dif- ficult to implement good "free-space" star couplers, as there is a significant vertical mode mismatch between the photonic wire waveguide mode and the slab modes in the star coupler. This can result in unwanted reflections, which increase the overall insertion loss of the device. Also, the delay lines implemented in narrow photonic wires are prone to phase noise due to small fluctuations in waveguide geometry. The device in Fig. 2 has a designed channel spacing of 3.2 nm (400 GHz) and an FSR of 25.6 nm.
We simulated this design using 2-D propagation in the slab regions of the star couplers [14] . The result is plotted in Fig. 3(a) . While the general crosstalk is quite low, there is still a significant nearest neighbor crosstalk because of the broad channel transmission peaks. In this simulation, we did not incorporate phase noise due to waveguide roughness and irregularities.
The measured transfer from the input port to the eight output waveguides is plotted in Fig. 3(b) . The transmission is normalized to the transmission of a simple photonic wire; hence, the scale represents only the losses in the AWG. The on-chip insertion loss of the AWG is approximately 8 dB. However, the main limitation is the high crosstalk level limited to values around −7 dB, which is clearly not sufficient for practical applications. The main part of this crosstalk can be attributed to the phase noise generated in the waveguide arms. The shift in the center wavelength and the FSR between the simulated and the fabricated device can be attributed to deviation of the wire geometry with respect to the design. This could be compensated by global tuning of the device, e.g., thermal tuning.
In [15] , an AWG fabricated using SOI wires was presented. The authors optimized the devices for compactness and demonstrated a 110µm × 93µm device with a 6-nm channel spacing and a 900-nm FSR. Also, the crosstalk was significantly worse, at a level of −5 dB. Another example with a smaller footprint, but still with a similarly large FSR, was demonstrated in [16] . The reported insertion loss was very low, but it was normalized to the average propagation loss in a grating arm, which can be significant given the reported losses of 12 dB/mm.
We show an improved device in Fig. 4 . A more flexible layout has been used, which made sharp bends and close spacing of the arms possible, taking advantage of the tight confinement of photonic wire waveguides. To reduce the crosstalk due to phase noise in the narrow photonic wires, we have broadened the waveguides in the long straight sections of the grating arms. These sections are no longer single-mode, but as there are no bends in these sections, the coupling to higher order modes should be very small. Also, any light in higher order modes will be filtered out as the wire is reduced in width near a bend. However, as the broadened wires have a different group index as the narrow wires, the required physical delay length will be larger, resulting in a slightly larger device than when no broadened wire has been used.
To address the high insertion loss in the star couplers, we reduced the reflections at the waveguide apertures by using a two-step etch process, where the waveguides near the star coupler are etched only 70-nm deep, compared to the 220-nm etch depth of the photonic wires. This effectively reduces the lateral index contrast near the star coupler [17] . This is shown in Fig. 4 . We used an adiabatic transition between the deeply etched and shallow waveguide, which requires a length of 15-30 µm, depending on the parameters of the star coupler. Of course, this will also add to the footprint of the device. The star couplers can be further optimized by changing the geometry of the access waveguides, as in [16] . Fig. 4 shows a 16-channel AWG with 36 arms, a designed channel spacing of 1.6 nm (200 GHz), and a designed FSR of 25.6 nm. The experimental values differ slightly, which can again be attributed to the waveguide geometry. The FSR is the same as in the previous example, as is the footprint (500 µm × 200 µm = 0.1mm
2 ). However, the combination of a rectangular geometry and a bend radius of only 4 µm supports almost twice the number of arms in the same area, allowing for twice the number of channels with half the channel spacing.
These modifications to the AWG design lead to an improved transmission characteristic. Fig. 5(a) shows the simulated transmission of the 16 output ports as a function of the wavelength in the central input ports. Simulated insertion loss is less than −1 dB, which can be attributed to the shallow-etch star coupler. As expected, there is a 3-dB nonuniformity between the center and the extreme outputs. Without phase noise, the general crosstalk is −35 dB, while the nearest neighbor crosstalk is −28 dB.
The measured transmission characteristic is shown in Fig. 5 . Again, the transmission is normalized to a simple photonic wire. The device has a general crosstalk between −17 and −20 dB. The nearest neighbor crosstalk is even lower. Due to the shallowetch star couplers, the insertion loss has improved considerably, being only −2.2 dB in the center output ports. Again, the nonuniformity between the center and the outer ports is 3 dB.
In this design, phase noise is still believed to be the dominant cause of crosstalk. To reduce the phase noise even further, one should resort to better fabrication processes, or ultimately to active tuning of the grating arms. 
VI. MACH-ZEHNDER LATTICE FILTERS
An MZLF, sometimes called a cascaded Mach-Zehnder filter, consists of a series of Mach-Zehnder interferometers with a constant path-length difference but with varying coupling ratio. The coupling ratios can be optimized for the desired filter spectrum. For example, an MZLF can be designed to have Chebychevlike filter characteristic with low sidelobe levels. SOI photonicwire-based MZLFs have already been demonstrated by several authors [18] , [19] . Fig. 6 shows an example of a five-stage MZLF, consisting of six directional couplers and five delay sections. Due to optical proximity effects during lithography [2] , the isolated waveguides have a width of 565 nm, while the waveguides in the directional couplers are only 535-nm wide. The gap between the waveguides is 220 nm. Fig. 6(b) shows the transmission as a function of wavelength in the pass and the drop port, normalized to the transmission of a simple straight waveguide. The filter characteristic is welldefined with a bandwidth of 2.6 nm, an FSR of 17 nm, and a coupling efficiency of nearly 100%. Crosstalk is still relatively large at 10 dB, and is caused by nonoptimal coupling ratios and phase errors delay sections. Here too, improvements are possible using broadened photonic wires in the delay lines, and this will also result in a slightly larger device.
VII. RING AND RACETRACK RESONATORS
A. Single-Channel Drop Filters
Ring and racetrack resonators can be used as a building block for densely integrated wavelength-selective filters. In photonic wires, the sharp bends allow for very compact rings with the very large FSR needed for add-drop filters. However, a reliable fabrication of such devices is challenging. We have demonstrated ring resonators with a radius between 1 and 8 µm, which are laterally coupled to two waveguides using directional couplers. To achieve low crosstalk and high finesse, we explored a variety of coupling geometries.
A circular ring resonator is shown in Fig. 7 . The spacing in the directional coupler sections is limited to a minimum of 200 nm due to lithographic constraints. Note that the coupling section is quite short due to the curvature of the ring; therefore, the coupling efficiency is rather low. This is obvious from the transmission spectrum in Fig. 8(a) for a ring with 5-µm radius. Even at resonance, the power in the pass port is still much larger than that in the drop waveguide.
To improve the coupling efficiency, one can use a straight coupling section, a so-called racetrack configuration [ Fig. 7(b) and (c)]. With only a 1-µm radius, a Q of around 2100 and an FSR in excess of 40 nm are obtained, but the drop efficiency is low. The low Q can be attributed to bend losses in the photonic wire. For larger radii, the losses decrease quickly. Fig. 8(b) shows transmission spectra of a racetrack with a 5-µm radius and a 6.28-µm coupling section. Larger coupling leads to a high adddrop extinction ratio of −20 dB and 50%-70% drop efficiency with Q factor still over 3000. Due to the larger resonator, the FSR is reduced to approximately 12 nm. For racetracks with radii down to 2 µm, we have measured Q-values up to 12 000. For even smaller bends, radiation losses become dominant and the Q drops rapidly.
Because of the straight coupling section, the FSR of a racetrack resonator is limited. To improve the coupling efficiency of a ring without adding length to the resonator, one can use a bent waveguide for coupling [20] [ Fig. 7(c)] . By tailoring the width of the resonator and the access waveguide, good phase matching is possible, and high coupling efficiencies can be achieved. The coupling can be adjusted by the angle of the coupling section. Fig. 8(c) demonstrates an extinction ratio (from −10 to −15 dB) and drop efficiency in a resonator with a 5-µm radius.
Note that it is of utmost importance to control the feature sizes of the resonators very tightly. The coupling efficiency of the directional coupler sections depends strongly on spacing between the waveguides. Just as with the MZLF in Section VI, optical proximity effects can change the actual gap width, as well as the waveguide width in the coupler section with respect to the waveguide width in the isolated sections of the ring. As a small change in the waveguide width of 5 nm over the entire ring can lead to a shift in drop wavelength of about 15 nm, a thorough optimization of the design and fabrication process is required. Fig. 9 shows a four-channel wavelength add-drop filter using four racetrack resonators with different bend radii (6, 6.02, 6.04, and 6.08 µm). Note that with this approach not only the resonance wavelength but also the FSR vary. The transmission spectra are overlaid in Fig. 9(b) . In this example, a large part of the FSR can be reached by changing the radius over only 80 nm, but there is no linear relationship between the resonance wavelength and the change in radius. In our opinion, this is mainly because of the mask discretization, but other configurations will be studied to avoid this problem and achieve better control of the wavelength spacing.
B. Four-Channel Add-Drop Filter With Racetrack Resonators
VIII. CONCLUSION
We have demonstrated very compact wavelength-selective functions in SOI photonic wire. These include AWGs, MZLFs, and ring resonators. While photonic wires allow for sharp bends and a high group index, they make wavelength-selective devices prone to phase noise. To alleviate this problem, we broadened the waveguides in straight sections with dramatic improvement in the crosstalk of an AWG. To improve the insertion loss in AWG star couplers, we employed a two-step etch process, reducing the lateral index contrast at the interface of a waveguide with the free-space section.
These improvements resulted in AWGs with areas of about 0.1 mm 2 (for a 16-channel AWG with 1.6-nm channel spacing) with crosstalk levels of −20 dB and an insertion loss of −2.2 dB for the center channels. We have also shown a five-stage MZLF. The high crosstalk of −10 dB can be improved by optimization of the coupling sections and by using broadened waveguides. Finally, we have shown compact ring resonators, including a four-channel add-drop multiplexer.
These devices show that it is possible to achieve a considerable reduction in size by using high-contrast photonic wires with strong confinement (and therefore sharp bends) and high group index (short delay lines). However, care is needed in interferometric structures as the waveguides are prone to phase noise, though, this was remedied by using broadened waveguides.
